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SUMMARY

Induced~-pressure-distribution studies were made and schlieren photo-

graphs were taken at free-stream Mach numbers from 15.6 to 21 in helium

. . flow of axially symmetric, flow-alined, cylindrical models equipped with
different nose shapes. The nose shapes were a hemisphere, a 45° included-
angle cone, a 90° included-angle cone, a hemispherically blunted 45°

. included-angle cone, a hemisphere modified by a 90° included-angle con-
ical tip, and a flat configuration. Static-pressure orifices were located
along the cylindrical surface of the models from zero body diasmeters to
50 body diameters downstreem of the nose-cylinder Jjuncture.

An analysis of the date showed that the highest induced pressures
were measured on the bluntest (flat nose) configuration; as the nose
shapes decreased in bluntness, the induced pressures also decreased.
Beyond 20 model diameters from the nose-cylinder Jjuncture the induced
presgures bhecame essentially independent of the degree of nose bluntness.
The induced pressures correlate on the basis of blast-wave-theory param-
eters; thus, the induced pressures are a function of nose drag but are
essentially independent of nose shape beyond 1 model diameter downstream
of the models' shoulders.

Unmodified blast-wave theory is inadequate for predicting induced
pressures except in very limited regions. A modified form of blast-wave
theory was shown to give good agreement with experimental results when
experimentally determined viscous effects were incorporated. Comparison

- of experimental induced pressures and shock shapes obtained on 90°
conical-tip configurations with characteristics-theory calculations for
similar configurations shows good agreement. A significant result which

. indicates the usefulness of attached shock calculative methods was that
the experimental induced pressures on the pointed hemisphere and hemi-
sphere configurations were essentially equal when the nose drag coeffi-

cients of the models were essentially equal.



Tests of Reynolds number effects (0.0625 to 0.32 X 106 in a 2-inch

helium tunnel at the Langley Research Center and 0.062 to 0.75 X 106 in
the Langley ll-inch hypersonic tunnel) showed that the magnitudes of the
induced pressures at a short distance downstream of the shoulder exhib-
ited a strong dependence on Reynolds number. Beyond 5 model diameters
the induced pressures showed negligible change for a 12-fold increase
in Reynolds number.

Data obtained in a conical-flow (Mach number gradient) nozzle and
reduced by a buoyancy-method technique (NACA Research Memorandum I52H21)
are shown to agree with data obtained in a uniform-flow (zero Mach num--
ber gradient) nozzle.

INTRODUCTION

The fluid-dynamics phenomena associated with flight at hypersonic
speeds have been the subject of intensive research in recent years. In
this research domain one problem that has received considerable attention
has been the cause and effects of induced pressures. Although induced-
pressure effects exist at all speeds, not until hypersonic speeds are
reached (Mach number >> 1) do these effects become of primary importance.
It is well known that at hypersonic speeds large pressure gradients can
be induced on plates and body surfaces without the plates or bodies them-
selves having any inclination with the undisturbed free-stream direction.
These induced-pressure gradients behind blunt-nose bodies are largely
the result of the disturbances created by bodies in inviscid flow which
are reflected from the shock back onto the afterbody, coupled with the
large entropy and vorticity gradlents which occur in the shock layer.
Much effective work has been done and is being done in the analysis and
solution of this problem. Reference 1 traces the history of the induced-
pressure problem, and some representative papers relating to this problem
are also included herein (refs. 2 to 11).

Inasmuch as the whole development of the boundary layer and the
induced-pressure field may depend to some extent upon the conditions
around the nose or the leading-edge region of a hypervelocity vehicle,
the present investigation was initiated to study the effects of nose
shape on induced pressures over three-dimensional, flow-alined, cylindri-
cal bodies at free-stream Mach numbers from 15.6 to 21 in helium flow.
The nose shapes used in this investigation included a hemisphere, a 459
included-angle cone, a 90° included-angle cone, a hemispherically blunted
450 included-angle cone, a hemisphere modified by a 90° included-angle
conical tip, and a flat configuration.

The primary objective of this investigation was to determine the
effect of nose shape on induced pressures; tests for this phase were made
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at a free-stream Mach number of 21. A secondary objective, though of

no less importance, was to assess the Reynolds number effect on induced
pressures on blunt bodies. These tests were made with hemisphere-cylinder
models in both a 2-inch helium tunnel and the Langley ll-inch hypersonic
tunnel over a Mach number range from 15.6 to 21 and a Reynolds number

range from 0.062 to 0.75 X 106.

The present paper presents the results of this investigation. A
comparison of the present data with data obtained on similar configura-
tions in different helium facilities is also included.

SYMBOLS
Cp,n nose drag coefficient
d model diameter
G Mach number variation with xn/t
M Mach number
P static pressure
p' corrected static pressure, p + (pw’n - Pm,l)
Rg Reynolds number based on free-stream conditions and diameter
of test models
s model surface distance downstream from stagnation point
T temperature
t thickness
X model axial distance downstream
vy vertical distance from model axis’
Vi ratio of specific heats

0 wedge angle




Subscripts:

1 local conditions -
max maximum

n nose of model

5 shoulder of model

t stagnation conditions

o0 free-stream conditions

oo

APPARATUS AND TESTS

2-Inch Helium Tunnel

Most of the tests were performed in a 2-inch-diameter helium tun-
nel at the Langley Research Center. A schematic diagram of the tunnel
and its operating components is shown in figure 1. Helium was supplied
from a 67-cubic-foot reservoir to the tunnel stagnation chamber at pres-
sures up to 3,000 lb/sq in. gage. The tunnel could be operated con-
tinuously for periods in excess of 10 minutes at a stagnation pressure
of 2,000 1b/sq in. gage. The calibration of the axisymmetric tunnel
(no windows) is shown in figure 2. A more detalled description of this
facility is included in reference 1.

Visual observations (schlieren photographs) of all the basic test
models were made in a modified version of the 2-inch helium tunnel which
was the same as the original tunnel except that the test section was
equipped with schlieren windows. This modification consisted of slicing
the tunnel walls to accommodate the flat, plate-glass windows. The dis-
turbances from the windows do not affect the test-section flow in the
region of interest, as determined from flow calibrations.

Models and model support.- Six basic test models were used in this
investigation. The models were 0.090-inch-diameter cylinders 5 inches
long equipped with various nose shapes, as shown in figure 3. Pres-
sures were measured at each of 12 longitudinal orifice locations given
in table I. A photograph of the basic test models is shown as figure L.

The test models were supported by means of a long sting whose lon-
gitudinal position was controlled by a motorized gear and screw system
(fig. 1). The model-sting arrangement is shown in figure 3.




»

Instrumentation and accuracy.~- Supply pressures were measured on a
Bourdon gage with an accuracy of +5 1b/sq in. Static pressures were read
on a U-tube butyl phthalate manometer. The reference pressure on the
U-tube manometer was maintained at less than 20 microns of mercury
(approximately 0.01 inch of butyl phthalate). This reference pressure
was considered to be within the reading accuracy of the U-tube. The
estimated accuracy of the measured static pressures was *0.0007 lb/sq in.
The estimated accuracy of the tunnel calibrated Mach number, in the
region in which the test models were positioned, was about 0.8 to
1.0 percent.

Tests.- All tests in the 2-inch helium tunnel were made at & tunnel
reservolr pressure of 2,000 lb/sq in. gage. This pressure 1s equivalent

to a Reynolds number of 0.69% x 10° per inch, or 0.0625 x 100 if the
model diameter 1s used as the characteristic flow length.

For all tests, the models were alined along the tunnel center line
at zero angle of attack and zero angle of yaw. Since a longitudinal
Mach number gradient of about 0.7 per inch existed in the 2-inch helium
tunnel, the models were positioned longitudinally in the tunnel so that
the shoulders of the models were alined with the nozzle station where
Mo = 21. This value was considered the reference Mach number for the
tests. Since the orifices on the models were located with reference to
the shoulder, corresponding orifices on different models were located
at the same longitudinal test-section stations. An analysis of the lon-
gitudinal Mach number gradient effect upon the measured pressures is
presented in the section entitled "Reduction of Data."

The small size of the models required a test procedure which per-
mitted pressure measurements at only one orifice station per test. The
test sequence was to measure the pressure at the rearmost orifice
(xs/d = 50), close this orifice with solder, and drill a new one slightly

upstream on the model surface. This process was repeated with a separate
test for each orifice location until data for the most forward orifice
station were obtained. All orifices were 0.030 inch in diameter.

The surface static pressures were recorded manually at the steady-
state condition, which was usually obtained about 90 to 120 seconds after
the test was started.

Langley 11-Inch Hypersonic Tunnel

Some of the datas included in this report were obtained from tests
in the Langley 1ll-inch hypersonic tunnel by using an axisymmetric con-
toured Mach number 18 helium nozzle. Helium was supplied to the tunnel
stagnation chamber at pressures from 200 to 1,600 lb/sq in. absolute.

s



The test Mach number varied from 15.6 at a stagnation pressure of

200 1b/sq in. absolute to 18.1 at a stagnation pressure of 1,600 1b/sq in.
absolute. The Mach number gradient along the longitudinal axis of the ~
test section was less than 0.05 per inch at all stagnation pressures.

A partial calibration of this nozzle may be found in reference 12. The

average operating time for these tests was approximately 15 seconds.

Models and model support.- The details of the two hemisphere-
cylinder models which were tested in this facility are given in table IT.
Both models were approximately 19 inches long and were mounted on a
streamlined, gear-driven strut protruding from the floor of the tunnel
several inches behind the test section. The models were tested at zero
angle of attack and zero angle of yaw with the nose located 4 inches
ahead of the center line of the test section.

@ o

Instrumentation.- Pressures were recorded on mechanical, optical
pressure recorders. Because of the short duration of a test the recorded
pressures did not always reach steady-state conditions and these data
have been omitted from this presentation.

Test procedures.- Three separate test procedures were utilized
during the tests in this facility to determine the effects of outgassing
(1.e., increased recorded pressure due to vapor and/or air molecules
being slowly released from the pores of the inner tubing wall) and the
effects of using long lengths of plastic tubing in the orifice-to-
instrument system (such as increased outgassing and possible minute
leakage due to porosity).

.

In method 1, no attempt was made to outgas the system. Approxi-
mately 3-foot lengths of plastic tubing were used to connect the
stainless-steel tubing (silver soldered flush to the model surface to
form the orifices) and the recording instruments.

In method 2, pretest outgassing was employed and the long lengths
of plastic tubing were replaced with steel tubing. Only short lengths
of this plastic tubing were used to facilitate flexible Jjoining of
metal tubes in the system. Electrical tape was used to seal the ori-
fices and the entire orifice-to-instrument system was evacuated to
approximately 50 microns of mercury and held at this pressure overnight.
Shortly before the test the vacuum pumps were stopped and the tape over
the orifices was removed. The system was thus exposed to atmospheric
pressure for a period of not more than 3 minutes.

In method 3, in-test outgassing was employed. In order to deter-
mine whether pretest outgassing was sufficient, a more elaborate method
was used so that the orifice-to-instrument system was not at any time
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subjected to a pressure higher than anticipated steady-state flow pres-
sure. This technique was achieved by evacuating the orifice-to-
instrument system (as was done for pretest outgassing) to a pressure of
approximately 15 microns of mercury. Shortly before each test the
valves to the vacuum pumps were closed, but the tape over the orifices
remained in place, sealing the orifice-to-instrument system at this low
pressure. The tape was then removed from the orifices only after flow
was Tully established. This eliminated any possibility of outgassing
during the recording phase of the test.

A comparison of data obtained by these three methods is shown in
figure 5. The data obtained with long plastic tubing in the system and
with no precautions taken to eliminate errors due to outgassing
(method 1) show large deviations from the data obtained by using either
of the two methods intended to eliminate outgassing errors. It is,
therefore, concluded that long lengths of plastic tubing should not be
used when attempts are made to measure very low pressures and that pre-
cautions must be taken to insure the absence of any outgassing error.

As the data obtained by using methods 2 and 3 are essentially the
same, all data presented herein from the Langley ll-inch hypersonic
tunnel and the 2-inch helium tunnel were obtained by using the more
practical test technique of method 2 (pretest outgassing) unless other-
wise noted.

REDUCTION OF DATA

The conical nozzle of the 2-inch helium tunnel produces flow with
both a longitudinal Mach number gradient and a conical flow angularity
which is zero on the center line and increases to a maximum at the edge
of the test region. In crder to obtain & first-order indication of the
most desirable method of presenting the data, a theoretical analysis
was performed on a sharp-nose and a blunt-nose two-dimensional model in
a flow field with a linearly varying Mach number by means of the method
of characteristics for 7 = 5/3. This analysis did not include the
variation of flow angularity which occurs in a real conical flow.

The free-stream Mach number distribution was represented by

r«x‘,(,=M<,,,,n+Gtﬁ (1)




where x,/t 1is measured from the nose of the model, and G 1s the var-
iation of Mach number with xn/t. Surface pressures were calculated on

both shapes for My p = 11.5 and 25 and G = 0, 0.02, and 0.0k for
each value of Mm,n. The configurations used in the study are shown in

figure 6. The initial wedge angle of the sharp shape was 14° for all
values of Mm,n. For the blunt shape the wedge angle was varied with

M(,o,n so that M was 1 on the surface.

Figure 6 shows the shock shape and some representative character-
istic lines for both configurations at M, , = 25. The characteristic
2

lines have been drawn straight for simplicity, although in general they
are curved. ©Shock-shape results are presented for the G = O case
only, since the variation of shock shape with Mach number gradient was
insignificant for the scope of this investigation. It can be seen that
the region of the shock through which the effect of any external dis-
turbance (such as free-stream Mach number gradient) can be felt on the
body 1s well forward of the maximum downstream extent of the affected
portion of the body. This, of course, results because of the low Mach
angle. Note the downstream extent to which disturbances and reflections
originating in the high vorticity region (region of high shock curva-
ture) of the shock from the blunt-nose shape are felt.

The pressure distributions on the models in the flow with a Mach
number gradient have been reduced by three methods and are compared
with the pressure distribution in terms of p/pOo for the constant Mach

number case in figure 7. The constant Mach number curve was used as
the criterion by which the adequacy of the proposed data-reduction
methods for G > O was Jjudged. The data-reduction methods used were
as follows:

Methed 1 - This method is based on the simple pressure ratio

g/pw’n

where p 1s the calculated body surface pressure and p n is the

)
free-stream pressure at the nose. Method 1 is conventionally used in
zero Mach number gradient flow. (This method was used in ref. 1.)

Method 2 - This method 1s also based on & simple pressure ratio

P/Pe 3
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where p is the local free-stream static pressure that would exist

oo,'l,
at the point in the flow where p 1s calculated if the body were not
present. Method 2 has been suggested as a means of accounting for the

effects of Mach number gradient on surface pressures.

Method 3 - This method based on a buoyancy-correction technique is
represented by the following pressure-ratio expression:

+ -
0y = i Peut)

oo,n

Method 3 has been used successfully at supersonic speeds to correct the
pressure drag of bodies which were tested in flow with a slight longi-
tudinal pressure gradient. (See ref. 13.)

Figure 7 i1llustrates the effect of Mach number, Mach number gradient,
and model configuration on surface pressures and shows that in all cases
methods 1 and 3 are superior to method 2, within the scope of this
investigation. Note also that the accuracy of all corrections is better
on the blunt model than on the sharp one.

Since method 3 is consistently the best method at both Mach num-
bers for the sharp shape and as good as or better than method 1 for the
blunt shape at the Mach numbers of this investigation, method 3 was
used to reduce the data obtained in this investigation, unless other-
wise noted.

As mentioned previously, the results of the analysis are exact only
for zero flow angle. Recent unpublished calculations in the Langley
1ll-inch hypersonic tunnel, which include flow angularity, indicate that
the level of the curves shown in figure 7 may be considerably lowered,
the amount of shift increases with increasing angularity and increasing
xn/t. However, the buoyancy correction method (method 3) is even better

than shown and is superior to the other two methods in all cases con-
sidered herein. For larger values of G however, this correction is

inadequate.



10
RESULTS AND DISCUSSION

Pressure Distributions

Basic data.- The basic pressure data obtained on the six primary
test models of this investigation are shown in figure 8. The data are
presented in the form of the corrected measured static pressure p' on
the model, nondimensionalized by the free-stream static pressure at the
nose of the model pw,n. This pressure parameter is plotted as a func-

tion of the orifice location downstream of the model shoulder refer-
enced to the model diameter. Several observations can be made from
these data. The highest induced pressure measured at the station near-
est the shoulders of the models occurred on the hemispherical-nose
model. The flat-nose model and the 90o cone model had higher induced
pressures than the hemisphere farther downstream and would be considered
more blunt than the hemisphere; however, at the most forward orifice
location their induced pressures were lower than for the hemisphere. The
reason that the pressures near the shoulder are lower for the flat face
and the 90O cone than for the hemisphere is due to the fact that a cor-
ner expansion takes place at the shoulder on the two models with a
sharp-edge shoulder and this has the effect of lowering the pressure

in the region near the shoulder. An anelysls was made in which the
simple Prandtl-Meyer expansion technique was used and the pressures

were calculated by expanding the flow on a hemisphere from the sonic
point to the shoulder and by using a corner expansion for the 90° cone.
This analysis indicated that the pressures were less on a 90° cone.

The pressure distribution for the flat-nose configuration shown in
figure 8 illustrates the type of pressure distribution that occurs for
a model with a sharp-edge shoulder. This distribution of pressure Jjust
downstream of the model shoulder is characteristic of flat-nose con-
figurations. As pointed out in reference 2, the expansion followed by
compression waves returning from the sonic line and expansion waves
returning from the shock wave cause, respectively, a low pressure
immediately after the corner, an increase in pressure, and then the
final pressure decay. It is noted in figure 8 that the pressures on
the various models far downstream of the models' shoulders are at a
value which is about two times ambient pressure. Another point of
interest noted in figure 8 is that the pressure gradients on the various
models become nearly constant beyond 20 model diameters downstream of
the shoulder.

Effect of Reynolds number.- The primary tests of this investiga-
tion were made in a 2-inch helium tunnel at Ry = 0.0625 x 10°. 1In

order to investigate the effects of Reynolds number, a short program of

ool Sale o] o
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measuring induced pressures on the hemisphere-~cylinder models of various
diameters was undertaken and the results are shown in figure 9(a). The
greatest variation of measured induced pressures with Reynolds number
occurred in the region nearest the shoulder. Figure Q(a) shows that the
induced pressures increase with decreasing Reymolds nuﬁber; this might
be expected because of the increased viscous effects at the lower
Reynolds numbers. At a short distance downstream of the shoulder,

Xg/d = 0.5, and with further increase in xs/d all except the lowest

Reynolds number data indicate only small differences in p'/pmax with

variation in Reynolds number. The lowest Reynolds number data, on the
other hand, display a significant difference from the higher Reynolds
number data; however, the tendency of the lowest Reynolds number data
to coalesce with the higher Reynolds number data as x§/d is lncreased

results in small to negligible difference in induced pressures at
xs/d ~ 5.5 for the Reynolds number range shown.

An additional program was underteken in the Langley 1ll-inch hyper-
sonic tunnel in which the Reynolds number was varied over a wide range
by changing both the geometric scale of the model and the stagnation
pressure. The models were 3/8.and 1 inch in diameter and were tested

at 0.062 x 10° <R3 < 0.75 x 10° at M_ = 15.6 to M = 18.1. Some

basic results from this program are shown in figure 9(b). These results
essentially confirm the results obtained in the 2-inch helium tunnel.
The results obtained from both facilities are summarized in figure 10.
At xg /4 = 5.56 the measured induced pressures show little change for
a 12-fold increase in Reynolds number. It should be noted (fig. 10),
however, that even at the highest Reynolds number of this investigation
Reynolds number effects are still very much in evidence at body stations
xs/d up to and including 1.39.

Effect of nose shape.- The induced pressures measured on the basic
test models of this investigation are shown in figure 11. The level of
induced pressures varies from a minimum to a maximum as the nose shapes
are, respectively, changed from an essentially sharp nose shape (45°
cone) to one which is blunt (flat). Also, the induced pressures become
essentially independent of the degree of nose bluntness beyond about
20 model diameters downstream of the models' shoulders (xs/d = 20).

All the nose shapes tested in thls investigation were aerodynami-
cally blunt except the 45° cone. According to blast-wave theory
(ref. 6) the induced pressures on blunt-nose bodies should correlate

when plotted against the parameter ——§§Z%7§. Figure 12 shows the
2
Me Cp
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amenability of the present test results to correlation by this blast-
wave-theory parameter. From figure 12 it may be seen that the induced
pressures for all the configurations, in general, correlate very well.
This result is particularly significant in view of the large range of
nose-drag-coefficient values (CD,n = 0.316 to 1.76) among the various

test configurations and indicates a wide applicability of the correla-
tive parameters. The correlation also indicates that the induced pres-
sures are dependent on nose drag but are essentially independent of nose

xs/d

2175 0.002}.
M, Cp

shape beyond xs/d = 1 (i.e.,

Nose drag coefficients CD,n were based on pressures obtained from

(1) exact-cone-theory computations for the 45° and 90° cones, (2) modi-
fied Newtonian theory for the hemisphere and flat-nose configurations,

and (3) the generalized Newtonian theory of reference 14 for the modi-

fied hemisphere and the 45° blunt cone.

Comparison of experiment with theoretical predictions.- In figure 13
the experimental data obtained on the hemisphere-nose models are com-
pared with results obtained by the blast-wave theory (developed in
refs. 6, 15, 16, 17, 18, and 19) and also with those obtained by a modi-
fied blast-wave theory presented in reference 20. It appears that the
unmodified-blast-wave-theory prediction of the induced pressures is
good in the region (xs/d location) in which it would be expected to

apply - that is, not too close to the nose of the body (or origin of

the blast) yet not so far downstream that the shock strength has decayed
to a level where strong shock aspproximations no longer apply. However,
this good agreement must be regarded as being, in part, fortuitous since
the unmodified-blast-wave-theory prediction is for inviscid flow and

the data are known to contain significant viscous effects. These vis-
cous effects would alter the location of the region of agreement. Sub-
Jject to these limitations, the region of applicability in the present
case appears to be roughly from xﬁ/d ~ 4 to xs/d ~ 12. This narrow

region of adequate prediction by ummodified blast-wave theory makes the
usefulness of the theory extremely limited for quantitative prediction
of induced pressures, although its correlating form has much broader
application as shown in figure 12.

As pointed out in reference 20, the deficiencies of the blast-
wave theory have led to attempts to improve its range of applicability
with different modifications. One modification is to shift the point
of origin of the blast in order to improve predictions near the leading
edge or nose (refs. 6 and 21); another modification is used to improve
the agreement far downstream by assuming that the predicted surface
pressure p 1s the pressure increment p - p_ (ref. 19).

o & ot
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Love's method (ref. 20), which can also be considered a modifica-
tion of blast-wave theory, is expressed by the following equation:

+ —_—
1+ xg/d )pmax 1+ xl)d Prax
S

p( 1\ s 1 (P s, (2)

pma.x

This equation 1s plotted in figure 13 for M_ = 21 and includes
ps/pmax as predicted by Wagner (ref. 22). 1In contrast to the agree-

ment between the predictions by equation (2) and experimental results
for Mach numbers near 10 and less shown in reference 20, there is con-
siderable disagreement between present experimental results near Mach 20
and the predicted values. However, there is excellent prediction of the
trend of the experimental pressure decay. The large disparity between
the magnitudes of the experimental and predicted pressures is attributed,
for the most part, to the fact that the prediction is for inviscid flow.
With increasing Mach number, viscous effects would become more important.
These effects would distort the effective body shape in the vicinity of
the nose and effectively enlarge the body. This distortion would shift
the apparent shoulder of the body farther downstream. It has previously
been shown (fig. 10) that the surface pressures are significantly

affected by viscous effects up to xs/d ~ l% and through the Ry range

of these tests. At large downstream distances the experimental pres-
sures do not reach ambient pressure as predicted for inviscid flow but

reach a pressure which is about twice the ambient pressure. (See fig. 8.)

o
Since a cone semiapex angle of only asbout l% produces a pressure ratio

of 2 on the cone surface at the Mach number of these tests, it appears
reasonable that the experimental pressures at large downstream distances
which are twice the ambient pressure are caused by this boundary-layer
growth effect.

In an effort to examine the adequacy of equation (2) when viscous
effects are Included, the results of the present study have been used -~
to obtain the experimental value of pS/p (fig. 10, at xs/d = 0),

and the experimental value of p«/pmax far downstream (taken as twice

the ambient preszure). The case examined is M, = 21 and
Rq = 0.0625 x 10°. When these values of Ps/pmax and pw/Pmax’ and

the resulting value of ps/pw, are incorporated in equation (2), the

resulting prediction which includes viscous effects is in excellent
agreement with the experimental results, as shown in figure 13. Thus,
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if the values of these pressure ratios in viscous flow can be accu-
rately obtained or predicted, equation (2) appears adequate for pre-
dicting induced pressures.

Figure 14 shows further comparisons of the experimental induced
pressures with predictions calculated by the method of characteristics.
Included for comparison are a 90° cone model, a hemisphere model, and
a modified hemisphere model. The modified hemisphere model has a 90°
conical tip added to its nose. The calculated induced pressures and
the experimental induced pressures for the 90° cone model are in good
agreement. Likewise, good agreement is shown between calculated and
experimental pressures for the modified hemisphere.

The fact that hemisphere and modified hemisphere experimental data
are essentially equal emphasizes the usefulness of attached shock cal-
culative methods, such as the characteristics theory, for induced-
pressure predictions.

Shock Shapes

Schlieren flow photographs were taken of the models, and the shock
shapes were measured with an optical comparator. In figures 15 to 20
the shock shapes for the six basic test models (@ = 0.090 inch) of this
investigation are shown. In each figure a schlieren photograph of the
model is shown in part (a), the coordinates of the shock wave are shown
in part (b), and the shock coordinates nondimensionalized by the model
diameter and plotted on a logarithmic scale are shown in part (c). The
empirical equation describing the shock is shown in each figure. Com-
parison of the empirical shock equations obtained for the hemisphere
and flat-nose configurations of this investigation with those obtained
for the same type of bodies in reference 2 shows favorable agreement.
Figure 21 shows the results obtained on two flat-nose configurations of
two different diameters.

The shock-wave shapes of the hemisphere and modified hemisphere
are compared with the calculated (method of characteristics) shock-
wave shape of the modified hemisphere in figure 22. The agreement is
considered good.

Comparison With Other Experimental Data
In figure 23 some induced-pressure data obtained on hemisphere-

cylinder configurations in the present investigation are compared with
published data obtained on similar configurations in the Princeton

O FooH
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University helium hypersonic tunnel (ref. 2)1. The data are uncorrected
for Mach number gradient because of the large differences in the values
of G that existed for the different facilities and of the uncertainty
as to how to correct data when G is large (0.26 for the Princeton
facility).

The differences that exist between the 2-inch helium-tunnel data
and the ll-inch hypersonic-tunnel data have been previously discussed
and appear to be primarily a result of Reynolds number effect in the
range é? =0 to é?- =~ 5%. The Princeton data for M = 16.9 show
excellent agreement with the Langley 1ll-inch hypersonic-tunnel data,
with the exception of the last data point shown plotted at 8 diameters
downstream of the model shoulder. The Princeton data for M, = 18.8,
however, exhibit considerable disagreement with the data of this inves-
tigation beyond about 3 model diameters downstream of the model shoulder.
Some of the possible reasons for the disagreement are as follows: (a)
the value of G was several times larger in the Princeton tests than
in the present tests, (b) the quality of the flow in the test region
for M, = 18.8 may have affected the results, and (c) the pressure
level is lower at Mw = 18.8 than at M, = 16.9, and the results are
thus more susceptible to any outgassing or plastic-tubing-porosity
effects that may have existed.

CONCLUSIONS

An investigation of induced-pressure phenomena has been made at
free-stream Mach numbers M, from 15.6 to 21 in helium flow on axially
symmetric, flow-alined, cylindrical models which differed in nose shape.
Nose shapes tested were a hemisphere, a 45° included-angle cone, a 90
included-angle cone, e hemispherically blunted 45° included-angle cone,
a hemisphere modified by a 90° included-angle conical tip, and a flat
configuration. An anelysis of the data indicated the following
conclusions:

1. The effects of outgassing and the use of plastic tubing on the
measured pressures can be of quite large magnitudes, but with precautions
these effects can be eliminated.

lThe Princeton tunnel data published in reference 2 in the form of
Cp/Cp have been converted to the uncorrected form P/Pmax (for com-
max

p;rative purposes) by use of a tummel Mach number calibration curve

furnished the Langley Research Center through the courtesy of
Dr. S. M. Bogdonoff of the Princeton University staff.
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2. A theoretical analysis by means of the method of characteris-
tics has shown that data obtained on both sharp- and blunt-nose two-
dimensional configurations in flow with a free-stream Mach number gra-
dient can be satisfactorily reduced to represent data on the same model
in flow with Zero Mach number gradient provided the product of free-
stream Mach number gradient and model thickness is small. Comparison of
experimental results on hemisphere-cylinder models in the 2-inch helium
tunnel, with a Mach number of 21 at the nose and a Mach number gradient
of about 0.7 per inch, and in the 1ll-inch hypersonic constant Mach number
tunnel (15.6 $ M, S 18.1) verifies this conclusion.

3. Tests of Reynolds number effects (0.0625 to 0.32 X 106 in a
2-inch helium tunnel and 0.062 to 0.75 X 100 in the Langley ll-inch
hypersonic tunnel) showed that the induced pressures at a short distance
downstream of the shoulder exhibited a strong dependence on Reynolds
number. Beyond 5 model diameters, however, the induced pressures showed
negligible change for a 12-fold increase in Reynolds number.

4. The highest induced pressures were measured on the bluntest
(flat-nose) configurations; as the nose shapes decreased in bluntness,
the induced pressures also decreased. Beyond 20 model diameters from
the ncse-cylinder juncture the induced pressures became essentially
independent of the degree of nose bluntness.

5. The induced pressures correlate on the basis of blast-wave-theory
parameters; thus, the induced pressures are a function of nose drag but
are essentially independent of nose shape beyond 1 model diameter down-
stream of the shoulder.

6. Unmodified blast-wave theory is inadequate for predicting induced
pressures except in very limited regions. A modified form of blast-wave
theory was shown to give good agreement with experimental results when
experimentally determined viscous effects were incorporated.

T. Comparison of experimental induced pressures and shock shapes
obtained on 90° conical-tip configurations with characteristics-~theory
calculations for similar configurations shows good agreement.

8. The induced pressures on the hemisphere-cylinder model show a
negligible change when the hemispherical nose is modified by the addi-
tion of a 90° conical tip and the nose drag coefficients of the models
remain essentially equal. This result is particularly significant since
it indicates the usefulness of attached shock calculative methods.

Langley Research Center,
National Aercnautics and Space Administration,
Langley Field, Va., January 29, 1960.

™ =@ H
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TABLE II.- LOCATION OF ORIFICES ON 1l1-INCH HYPERSONIC TUNNEL MODELS

d

t__ .
}__.xs

:TL Wﬂ&

(a) 1-inch-diameter model

[Diameter of orifices 1 to 5, 0.090 inch;
diemeter of orifices 6 to 16, 0.063 inch]

Location Location
Orifice
xg, in. s, in. xg/d s/a

1 -—- o] ——- o]

2 — 0.3927 — 0.3927
3 0 0.7854 0 0.7854
N 0.5 1.2854 0.5 1.2854
5 1.0 1.7854 1.0 1.7854
6 1.5 2.2854 1.5 2.2854
7 2.0 2.7854 2.0 2.7854
8 2.5 3.2854 2.5 3.2854
9 3.0 3. 7854 3.0 3.7854%
10 3.5 4. 2854 3.5 L. 2854
11 k.0 4 7854 4.0 L. 785L
12 4.5 5.2854 k.5 5.2854
13 5.5 6.284 5.5 6.2854
1k 6.5 T.2854 6.5 T7.2854
15 7.5 8.2854 7.5 8.2854
16 8.5 9.2854 8.5 9.2854

d

l

(b) 3/8-inch-dismeter model

[Orifice diameter, 0.063 inch]

=3 ﬂ@ A

Location Location
Orifice
Xg, in. s, in. xs/d s/a
1 1.0313 1.3258 2.7 3.5355
2 2.0625 2.3570 5.5 6.2853
3 3.3720 3.6695 9.0 9.7853

25
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Model - sting orrongement

Model - Sting
R
:#r:t,,,, e e e o o \8 i
0090 diom-- S Loz7s diom.
5 1—2"—1'
i
5
&
Nose shapes
£45° - — =225 - I
d
r 7-xs - }ﬁ' :X: - - “Iomo
(a) 90° cone. (b) 45° cone.
,A5° S - 225° ;_A’"E
(c) Modified hemisphere, (@) 45° blunt cone,
90° conical tip. diameter of nose = 1/2d.

4 | 4

F—~xg F—Xg

(e) Hemisphere. (f) Flat.

Figure 3.- Dimensional details of model-sting arrangement and description
of nose shapes employed in this investigation. (All dimensions are in
inches.)
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Nose shapes

Modified hemisphere
(900 conical tip) Henisphere

450 cone 45° blunt cone Flat

|
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{
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Figure L.- Basic test models. L-58-4043.1
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(a) A 2-inch helium tunnel at the Langley Research Center.

Figure 9.- Effect of Reynolds number on measured induced pressures on
hemisphere models.
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